The electrical passivation mechanism of benzoquinone-methanol solutions on silicon has been examined through the study of the silicon surface electronic structure. Surface photovoltage (SPV) measurements using both X-ray photoelectron spectroscopy (XPS) and scanning Kelvin probe microscopy (SKPM) indicate a downward band bending of H-Si and benzoquinone (BQ) and methanol (ME) treated samples. This suggests the creation of an accumulation layer of majority carriers near the surface, with a significant field-effect contribution to the observed surface passivation. The highest SPV values recorded for the ME-Si and BQ-Si samples of about −220 mV are approaching the Fermi level-conduction band crossover. Density functional theory (DFT) calculations show that a dipole is formed upon bonding of BQ radicals on the surface, decreasing the surface electron affinity and work function. Considering the 0.07 eV shift due to the dipole and the 0.17 eV downward band bending, the work function of BQ-Si is found to be 4.08 eV. Both the dipole and downward band bending contribute to the formation of surface electron accumulation, and decrease the minority carrier density of n-Si passivated by BQ.
Introduction
Silicon is the dominant material in photovoltaic devices, and the treatment of silicon surfaces to reduce harmful surface recombination effects is crucial to Si-based device performance. The conventional SiN x , SiO 2 , and Al 2 O 3 surface passivation methods require capital expensive processes like ALD (atomic layer deposition) and PECVD (plasma-enhanced chemical vapor deposition) [1] . Room-temperature solution-based organic passivation methods, however, can provide alternatives with a much lower CapEx (capital expenditure).
Benzoquinone in methanol solutions (BQ/ME) is one of the organic passivants that has been utilized as a temporary passivant for hydrogen terminated silicon surfaces, providing a surface recombination velocity as low as 1.6 cm/s, in equivalent to the existing thin film passivation techniques like SiN x , SiO 2 , and Al 2 O 3 [1] [2] [3] [4] [5] [6] . Previous work in our group has found that the chemical passivation mechanism is radical-driven and light sensitive, where the semiquinone radical QH•, C 6 H 4 -OH-O•, and methanol radical CH 3 O• are responsible for bonding to the silicon surface defect sites resulting in a reduction of interface states [6, 7] . Presumably, bonding of BQ and ME groups on n-Si surfaces can also affect the electron distribution, which may introduce an electrical passivation effect. Cahen et al. [5] have reported that the negatively charged benzene bonding on n-Si pulls electrons away from the Si (1) In this study, the conduction and valence band bending on BQ and methanol treated n-type silicon surfaces will be characterized using both Kelvin probe and X-ray photoelectron spectroscopy (XPS). The surface dipole will be calculated using DFT in the Vienna ab initio simulation package (VASP). The work function of the BQ-Si surface relative to the H-Si surface can then be calculated from the band bending and dipole behaviors.
Materials and Methods
The wafers used in this work were double side polished n-type silicon (100) FZ wafers with a resistivity of 1-5 Ω·cm and 280 ± 20 µm thickness.
The following cleaning procedure was used for every trial to achieve hydrogen termination: The first step was a piranha clean consisting of a 5-min bath in a 4:1 solution of sulphuric acid and hydrogen peroxide. Piranha solutions were freshly made and cooled at room temperature for 10 min before use. Subsequently, the wafers were given a 5-min DI water submersion and then followed by a 2-min HF (2%) immersion. These H-Si wafers were then briefly rinsed with DI water and blown dry with N 2 .
The cleaned H-Si wafers were quickly placed in a sealed plastic bag containing a 0.01 mol/L BQ/ME solution or pure methanol solution to achieve BQ or ME termination. Samples were kept in BQ/ME for 1 h and 24 h in ME before SPV testing for an optimal passivation effect based on the immersion time study [6] .
SPV was measured using a Physical Electronics (Chanhassen, MN, USA) model 5600 X-ray photoelectron spectrometer (XPS) with an overall accuracy of 0.05 eV. A 300 W xenon lamp was used for illumination, where the light was focused on the sample surface through a quartz window on the XPS chamber. Silicon samples were grounded with carbon tape on the stage. The XPS chamber was kept in ultra-high vacuum and cooled to around 17 • C.
A scanning Kelvin probe microscopy (SKPM), equipped with an Asylum Research (Santa Barbara, CA, USA) MFP-3D atomic force microscope (AFM) was also used to study SPV. The silicon tips coated with Pt were calibrated with freshly peeled HOPG (highly ordered pyrolytic graphic). A 650 nm red laser with a power output of 20 mW was used for charger carrier excitation. Measurements were taken under nitrogen purge in ambient room condition.
Dipole calculations were performed for a dihydride-passivated and a BQ-adsorbed Si(100) surface using the Vienna ab initio simulation package (VASP) [17] . The interaction between ions (nuclei) and electrons were described using projector augmented wave pseudopotentials [18] . Electron-electron exchange and correlation interactions were described using the gradient corrected Perdew-Burke-Ernzerhof (PBE) functional [19] . The Brillouin-zone (BZ) integrations were performed using the Monkhorst-Pack (4 × 4 × 1) K-point set. The unit cell was a 4 × 4 periodic slab containing 10 atomic layers. The coordinates of the Si atoms in the bottom eight layers of Si were kept fixed after silicon slab relaxation. The vacuum region was approximately 25 Å. The energy cut-off of 400 eV was chosen based on energy dependence study of cutoff energy from 350 to 600 eV. For the H-terminated Si, all top and bottom layer silicon atoms were terminated with two hydrogen atoms per silicon, as shown in Figure 1a . This 1 × 1 canted-row dihydride structure is found to be energetically favorable with respect to the symmetric 1 × 1 dihydride, in good agreement with literature [20] . For the BQ-adsorbed Si, one of the two hydrogens adsorbed on Si was replaced by a BQ radical, QH•, per unit cell, as shown in Figure 1b [6] . The coverage of QH• was one QH• per eight surface Si atoms. Absorption of BQ is chosen to happen only on the front surface of the silicon to match the surface measurements in Kelvin probe and XPS [21] . A scanning Kelvin probe microscopy (SKPM), equipped with an Asylum Research (Santa Barbara, CA, USA) MFP-3D atomic force microscope (AFM) was also used to study SPV. The silicon tips coated with Pt were calibrated with freshly peeled HOPG (highly ordered pyrolytic graphic). A 650 nm red laser with a power output of 20 mW was used for charger carrier excitation. Measurements were taken under nitrogen purge in ambient room condition.
Dipole calculations were performed for a dihydride-passivated and a BQ-adsorbed Si(100) surface using the Vienna ab initio simulation package (VASP) [17] . The interaction between ions (nuclei) and electrons were described using projector augmented wave pseudopotentials [18] . Electron-electron exchange and correlation interactions were described using the gradient corrected Perdew-Burke-Ernzerhof (PBE) functional [19] . The Brillouin-zone (BZ) integrations were performed using the Monkhorst-Pack (4 × 4 × 1) K-point set. The unit cell was a 4 × 4 periodic slab containing 10 atomic layers. The coordinates of the Si atoms in the bottom eight layers of Si were kept fixed after silicon slab relaxation. The vacuum region was approximately 25 Å . The energy cut-off of 400 eV was chosen based on energy dependence study of cutoff energy from 350 to 600 eV. For the H-terminated Si, all top and bottom layer silicon atoms were terminated with two hydrogen atoms per silicon, as shown in Figure 1a . This 1 × 1 canted-row dihydride structure is found to be energetically favorable with respect to the symmetric 1 × 1 dihydride, in good agreement with literature [20] . For the BQadsorbed Si, one of the two hydrogens adsorbed on Si was replaced by a BQ radical, QH•, per unit cell, as shown in Figure 1b [6] . The coverage of QH• was one QH• per eight surface Si atoms. Absorption of BQ is chosen to happen only on the front surface of the silicon to match the surface measurements in Kelvin probe and XPS [21] . 
Results

SPV Measurements by XPS
Band bending on three n-type Si(100) wafers were studied via XPS: H-terminated Si (H-Si), BQ/ME passivated Si (BQ-Si) and methanol treated Si (ME-Si). The hydrogen termination was achieved by using the piranha/HF cleaning procedure described in the experimental section. BQ-Si and ME-Si were achieved by immersing H-Si in BQ/ME or ME solution for 1 h and 24 h respectively before testing, based on the immersion time study where the BQ/ME is observed reaching the highest passivation in 1 h, and ME passivation takes 24 h [6] . 
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SPV Measurements by XPS
Band bending on three n-type Si(100) wafers were studied via XPS: H-terminated Si (H-Si), BQ/ME passivated Si (BQ-Si) and methanol treated Si (ME-Si). The hydrogen termination was achieved by using the piranha/HF cleaning procedure described in the experimental section. BQ-Si and ME-Si were achieved by immersing H-Si in BQ/ME or ME solution for 1 h and 24 h respectively before testing, based on the immersion time study where the BQ/ME is observed reaching the highest passivation in 1 h, and ME passivation takes 24 h [6] . Figure 2 shows the shift of Si 2p peak of H terminated Si and BQ treated Si with xenon light on and off. Si 2p shifts to lower binding energy on both samples in the light condition, while BQ/ME-Si shifts more than the H-Si sample. Repetitive light and dark conditions were performed on Si samples with three different treatments, recorded in Figure 3 . It can be seen that a repeatable energy shift to lower binding energy in the illumination condition exists on all three samples, which indicates a downward band bending. In a downward band bending scheme, shown in Figure 4 , the light generated carriers compensate the built-in potential Vs, and the measured EBE decreases. This observed downward band bending indicates that BQ/ME bonding to the silicon surface introduces an electron accumulation layer on the surface, causing a decrease in minority carrier density at the surface and an increase in passivation. The SPV is 230 ± 50 meV on BQ/ME treated n-type Si, and followed by ME-Si and H-Si, which suggests that the stronger field effect of BQ/ME can contribute to a longer lifetime [6] . In a downward band bending scheme, shown in Figure 4 , the light generated carriers compensate the built-in potential Vs, and the measured EBE decreases. This observed downward band bending indicates that BQ/ME bonding to the silicon surface introduces an electron accumulation layer on the surface, causing a decrease in minority carrier density at the surface and an increase in passivation. The SPV is 230 ± 50 meV on BQ/ME treated n-type Si, and followed by ME-Si and H-Si, which suggests that the stronger field effect of BQ/ME can contribute to a longer lifetime [6] . In a downward band bending scheme, shown in Figure 4 , the light generated carriers compensate the built-in potential V s , and the measured E BE decreases. This observed downward band bending indicates that BQ/ME bonding to the silicon surface introduces an electron accumulation layer on the surface, causing a decrease in minority carrier density at the surface and an increase in passivation. The SPV is 230 ± 50 meV on BQ/ME treated n-type Si, and followed by ME-Si and H-Si, which suggests that the stronger field effect of BQ/ME can contribute to a longer lifetime [6] . 
SPV Measurements by SKPM
n-type Si(100) wafers with three different surface treatments-H-Si, BQ-Si, and ME-Si as described in the previous section-were studied in SKPM. The contact potential difference (CPD) between the Kelvin probe tip and the grounded samples' surface were recorded in a scan size of 3 × 3 µm, shown in Figure 5 . An initial scan found high spatial homogeneity of the contact potential difference, with less than 5 mV of variation across the area of the sample.
For all samples, a reproducible shift of CPD is observed when the 650 nm light source is switched on and off during the scan. The average CPD values in each 0.5 µ m × 3 µm region are reported relative to the HOPG reference in Figure 6a . It can be seen that the shift in potential between the light and dark conditions is consistent across the area of each sample with an error bar smaller than 5 mV. Comparing the 10 mW (depicted in red) and 20 mW (depicted in blue) light irradiation on BQ-Si, both reach an illuminated CPD of around 450 mV. This suggests that the 20 mW 650 nm laser illumination is close to approaching a flat-band condition of around 450 mV on this sample. Similar results are found for the H-Si sample. However, the illuminated CPD of the ME-Si surface is observed to be 200 mV higher. This could be explained by a change in grounding or differing surface dipoles between the treatments, but would not affect the magnitude of the surface photovoltage.
Surface photovoltage (SPV) is obtained by calculating the difference of CPD between light and dark conditions, shown in Figure 6b . The negative SPV values confirm a downward band bending for n-type Si with all three surface treatments. However, band bending on ME-Si is observed higher than BQ-Si, in contrast to the XPS results, which might be caused by the interference of oxygen oxidization on BQ-Si caused by inefficient N2 purge.
The energy levels measured in dark and light condition in Kelvin probe are illustrated in Figure 7 . The applied bias voltage VBias is equal to the difference in work functions of the probe (WF Probe ) and sample (WF Light or WF Dark ). To remove the effect of the unknown probe work function, the contact potential difference VCPD is reported relative to the bias measured on an HOPG reference sample. The difference in VCPD Light and VCPD Dark gives the surface photovoltage, SPV. The work function of the BQ passivated n-Si surface is thus found out to be 4.15 eV.
With SKPM, it further confirms that immersing H terminated Si in BQ and ME solutions increases the downward band bending, which agrees with the band bending reported by XPS in Figure 3 . Additionally, the work function of the BQ passivated n-Si surface is calculated to be around 4.15 eV by SKPM. 
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Surface photovoltage (SPV) is obtained by calculating the difference of CPD between light and dark conditions, shown in Figure 6b . The negative SPV values confirm a downward band bending for n-type Si with all three surface treatments. However, band bending on ME-Si is observed higher than BQ-Si, in contrast to the XPS results, which might be caused by the interference of oxygen oxidization on BQ-Si caused by inefficient N 2 purge.
The energy levels measured in dark and light condition in Kelvin probe are illustrated in Figure 7 . The applied bias voltage V Bias is equal to the difference in work functions of the probe (W F Probe ) and sample (W F Light or W F Dark ). To remove the effect of the unknown probe work function, the contact potential difference V CPD is reported relative to the bias measured on an HOPG reference sample. The difference in V CPD Light and V CPD Dark gives the surface photovoltage, SPV. The work function of the BQ passivated n-Si surface is thus found out to be 4.15 eV. With SKPM, it further confirms that immersing H terminated Si in BQ and ME solutions increases the downward band bending, which agrees with the band bending reported by XPS in Figure 3 . Additionally, the work function of the BQ passivated n-Si surface is calculated to be around 4.15 eV by SKPM. 
Surface Dipole and Work Function Calculation
The second component of the work function is the surface electron affinity χ S , which is defined as the energy required to excite a surface electron from the bottom of the conduction band to the local vacuum level [22] . The surface dipole (δ) equals the difference between the surface electron affinity χ S and the bulk electron affinity χ B (4.05 eV for χ B ), shown in Equation (2) [23, 24] . Depending on the dipole size and direction, the molecular dipole can increase or decrease χ S . A negative dipole with respect to surface normal decreases χ S and Φ because an emitted electron is accelerated within this dipole field on its way from the conduction band at the surface into the local vacuum, and vice versa.
Surface dipoles introduced by the bonding of the BQ radical were calculated using VASP. The computed electrostatic potential difference is the change in the surface dipole component of the work function, since the potential contribution from the bulk to the work function remains the same for both H-Si and BQ-Si surfaces. In VASP, the work function Φ is the difference between the vacuum potential Evac and Fermi level εF
The calculated electrostatic potential profiles for H-Si and BQ-Si surfaces are shown in Figure 8 . A decrease in work function due to a negative surface dipole δ = −0.07 eV upon BQ adsorption is observed. The negative dipole energy shift observed agrees with our previous DFT calculation in Gaussian where the BQ bonding group was shown to be an electron-rich system [6] .
The work function of the BQ passivated n-Si surface, shown in Figure 9 , can thus be calculated using the equations 
Surface dipoles introduced by the bonding of the BQ radical were calculated using VASP. The computed electrostatic potential difference is the change in the surface dipole component of the work function, since the potential contribution from the bulk to the work function remains the same for both H-Si and BQ-Si surfaces. In VASP, the work function Φ is the difference between the vacuum potential E vac and Fermi level ε F
The work function of the BQ passivated n-Si surface, shown in Figure 9 , can thus be calculated using the equations χ S = χ B + δ = 4.05 eV − 0.07 eV = 3.98 eV (4)
where CB − ε F = −0.27 eV is based on the Si doping level of 10 15 cm −13 , and the band bending energy E BB = 0.17 eV is obtained from the SKPM results in Figure 6 . The work function of the BQ passivated n-Si surface is thus found out to be 4.08 eV, in close agreement with the 4.15 eV found in SKPM when using HOPG as a reference. It should be noted that the coverage of QH• simulated here is larger than experimental coverage, and QH• bonding is not the only component of the surface dipole, methanol, oxidation, and other surface irregularities contribute to the experimentally measured value of the surface dipole as well. The electronic structure of BQ passivated n-Si surfaces in Figure 9 further explains the BQ passivation mechanism, where both the negative dipole δ and the downward band bending E BB contribute to the decrease of the Si surface work function, resulting in accumulation, a more electron-rich surface. With the chemical bonding mechanism found in previous work [6] , we conclude that BQ passivation on n-Si decreases the surface defect states, as well as forms an electron accumulation layer, decreasing the minority carrier density on the surface. where CB − εF = −0.27 eV is based on the Si doping level of 10 15 cm −13 , and the band bending energy EBB = 0.17 eV is obtained from the SKPM results in Figure 6 . The work function of the BQ passivated n-Si surface is thus found out to be 4.08 eV, in close agreement with the 4.15 eV found in SKPM when using HOPG as a reference. It should be noted that the coverage of QH• simulated here is larger than experimental coverage, and QH• bonding is not the only component of the surface dipole, methanol, oxidation, and other surface irregularities contribute to the experimentally measured value of the surface dipole as well. The electronic structure of BQ passivated n-Si surfaces in Figure 9 further explains the BQ passivation mechanism, where both the negative dipole δ and the downward band bending EBB contribute to the decrease of the Si surface work function, resulting in accumulation, a more electron-rich surface. With the chemical bonding mechanism found in previous work [6] , we conclude that BQ passivation on n-Si decreases the surface defect states, as well as forms an electron accumulation layer, decreasing the minority carrier density on the surface. where CB − εF = −0.27 eV is based on the Si doping level of 10 15 cm −13 , and the band bending energy EBB = 0.17 eV is obtained from the SKPM results in Figure 6 . The work function of the BQ passivated n-Si surface is thus found out to be 4.08 eV, in close agreement with the 4.15 eV found in SKPM when using HOPG as a reference. It should be noted that the coverage of QH• simulated here is larger than experimental coverage, and QH• bonding is not the only component of the surface dipole, methanol, oxidation, and other surface irregularities contribute to the experimentally measured value of the surface dipole as well. The electronic structure of BQ passivated n-Si surfaces in Figure 9 further explains the BQ passivation mechanism, where both the negative dipole δ and the downward band bending EBB contribute to the decrease of the Si surface work function, resulting in accumulation, a more electron-rich surface. With the chemical bonding mechanism found in previous work [6] , we conclude that BQ passivation on n-Si decreases the surface defect states, as well as forms an electron accumulation layer, decreasing the minority carrier density on the surface. 
Discussion and Conclusions
Surface photovoltage measurements via both the photoemission and SKPM techniques indicate a downward band bending of H-Si and BQ and ME treated samples. This suggests the creation of an accumulation layer of majority carriers near the surface, with a significant field-effect contribution to the observed surface passivation. It is seen that subsequent treatment of hydrogen terminated Si with solutions of methanol and benzoquinone further increases the magnitude of band bending. It is expected that variations between samples in the amount of oxide formation at the surface could explain some of the variation in SPV values recorded between the two measurement methods. The highest SPV values recorded for the ME-Si and BQ-Si samples of about −220 mV are approaching the Fermi level-conduction band crossover. The similar magnitudes of surface band bending observed with both the BQ-ME and ME treatments are consistent with the expected mechanism of the surface modification, in which both BQ radicals and methanol radicals adhering to the surface [6] . This work, verified by two measurement techniques, is contrary to the suggestion of Cahen et al. that BQ-Si exhibits an upward band-bending, suggesting a different method of field-effect passivation [5] .
DFT calculations show that a negative dipole is formed upon bonding of BQ radicals on the surface, decreasing the surface electron affinity and work function. Considering the 0.07 eV shift due to the negative dipole δ and the 0.17 eV downward band bending E BB , the work function of BQ-Si is found to be 4.08 eV, in agreement with SKPM results. Both the negative dipole and downward band bending contribute to the formation of electron accumulation on n-Si passivated by BQ.
With the chemical bonding mechanism found in previous work [6] , we can conclude BQ passivation on n-Si mechanism, that BQ radicals bonding on n-Si decreases the surface defect states, as well as forms an electron accumulation layer, decreasing the minority carrier density on the surface.
